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Cell fusion is essential for muscle development and
may be a route for novel therapies, but knowledge of
its molecular basis is limited. Recent progress has
uncovered a new signalling pathway downstream of
the cell surface attractant proteins in muscle.
Myoblast fusion is fundamental both to the production
of skeletal muscle during development and to its repair
later in life. An in-depth knowledge of cell fusion in
general, and myoblast fusion in particular, may also
become crucial to developing clinical approaches to
tissue repair based on stem cells and/or gene therapy
[1,2]. But despite its importance, much remains to be
learnt about cell fusion. A good system in which to
learn is the fruitfly Drosophila melanogaster; it has
many advantages for the molecular genetic analysis of
myoblast fusion [3], and recent years have seen
significant progress in the first (reviewed in [4]). More-
over, the conservation of the genetic foundation of
muscle biology between Drosophila and mammals
promises that many new findings in flies will be directly
relevant to ourselves.
Skeletal muscle, called somatic muscle in Drosophila,
develops from the mesoderm. In the fruitfly, embryonic
patterning produces thirty so-called founder cells in
each hemisegment, together with a population of
fusion-competent myoblasts. Each founder cell seeds
a distinct muscle. It fuses with one or two fusion-com-
petent myoblasts to make a muscle precursor, which
then grows by further fusions. The process starts with
cell attraction, followed by adhesion, alignment and
finally membrane breakdown and fusion itself [3]. The
two classes of myoblast express related cell surface
transmembrane proteins (Figure1) which function in the
attraction, and probably adhesion, of the two cell-types.
A significant question is what molecular mechanisms lie
downstream of these proteins to govern the cytoskele-
tal and membrane changes of cell fusion? Recent work
[5] has identified a gene, loner, that functions in these
intracellular signalling events.
Previous studies [4] have characterised a number of
proteins that can be assembled into a signalling
cascade from membrane to cytoskeleton, providing a
framework for understanding Loner function (Figure1).
The transmembrane protein Duf binds Rols/Ants, a
founder-cell-specific adaptor protein, which in turn
binds the cytoplasmic protein Mbc. Mbc interacts with
both D-Crk, an SH2/SH3 adaptor protein, and the Rac
small GTPases that control cytoskeletal rearrangement
and function in myoblast fusion [6].
loner mutants were identified in a genetic screen for
regulators of myogenesis and have many unfused
myoblasts [5]. In these mutants, the initial attraction
between myoblasts still takes place, but only limited
fusion occurs [5]. Other work indicates that there are
two phases of fusion in myogenesis, each with distinct
molecular requirements. The first is muscle precursor
formation, which does not require Rols/Ants; the second
is the subsequent growth of the precursors leading to
fusion, which does [7,8]. It will be interesting to estab-
lish whether the loner phenotype resembles that of
rols/ants, in which precursors form, or is more similar
to mbc, in which very few fusions occur.
The Loner protein sequence suggests it is a guanine
nucleotide exchange factor (GEF). It contains a Sec7
domain, which has GEF activity, and a PH domain,
which can bind cell membranes and enhance GEF
activity. It is of course imperative to demonstrate the
significance of such domains experimentally and Chen
et al. did just this [5]. In the stringent in vivo test of
rescue of the loner mutant phenotype, they found that
both the Sec7 and PH domains were necessary. They
also did the biochemistry and using an in vitro GDP
release assay showed that Loner is indeed a GEF. The
target selected for this assay was ARF6, as the
literature suggested that ARF6 may be a downstream
small GTPase for Loner. They then returned to the
developing embryo to show expression of a dominant-
negative form of ARF6 in founder cells disrupted
fusion. This suggests a pathway in which ARF6 is a
downstream mediator of Loner during myoblast fusion
in vivo (Figure1).
Analysis of myoblast fusion also requires investiga-
tion of the cell biology. In normal development, Loner
localises to discrete cytoplasmic foci in founder cells.
Using an elegant combination of cultured cell experi-
ments and in vivo assays during development, Chen et
al. [5] showed that normal recruitment of Loner to the
membrane is dependent on the surface proteins, Duf
and Rst. In the absence of Duf and Rst, however, some
discrete foci of Loner protein remain, which suggests
some complexity with different pools of cytoplasmic
Loner protein. 
These localisation features are similar to Rols/Ants,
but Loner and Rols/Ants are only partially co-expressed
in both founder cells in vivo and in cultured cells. More-
over, the localisation of each is independent. This led
Chen et al. [5] to draw the intriguing conclusion that
there are two intracellular signalling pathways down-
stream of Duf and Rst which may act in parallel during
fusion. They explored this further and infer that at least
one point of convergence of the two pathways is at the
small GTPase Rac. This is because Loner is required for
the specific aggregation of Rac at fusion sites in
founder cells [5], and the Mbc pathway is thought to
affect the cytokeleton via Rac [9]. This adds to the inter-
est in Rac proteins, whose involvement in fusion was
first flagged up almost ten years ago [10].
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How do these signalling events link to the effector
molecules of fusion? Recent studies suggest two
candidates for having roles in the cytoskeletal
reorganisation that underlies cell shape and membrane
changes: Paramyosin and D-Titin (Figure1). Both pro-
teins were just thought of as sarcomere components,
but mutation of either gene causes fusion defects
[11,12]. Intriguingly, in normal development Paramyosin
is enriched at foci where fusing myoblasts make
contact [11], whilst D-Titin is recruited to such contact
sites by Rols/Ants [8]. This work provides a tantalising
glimpse of the future of fusion studies. Progress will
require the coordinated action of different experimental
approaches, including ultrastructural analysis.
Is the Loner pathway conserved in other species?
This requires further work, but there are related proteins
in humans, mice and the nematode worm Caenorhab-
ditis elegans. Most tellingly there is an indication of
functional conservation of this pathway, because a
dominant-negative ARF6 disrupts fusion in mammalian
cultured cells [5]. Might the Loner pathway be a general
mechanism and function in the fusion of other cell-
types by coupling to different upstream receptors?
Chen et al. [5] suggest the answer is yes. However, one
result points to some specificity. In Drosophila, the vis-
ceral muscles surrounding the gut are syncytial and
form similarly to somatic muscles [13,14]. There are
founders and fusion-competent cells, and proper fusion
requires duf, sns and mbc function. Visceral muscle is
also disrupted in rols/ants mutants [7]. The similarity
has been emphasised by the recent finding that visceral
fusion competent myoblasts can even contribute to the
somatic muscles in mutants where the visceral
founders fail [15,16]. However, and interestingly,
despite the similarity of much of the fusion process,
Chen et al. [5] report no gross defects in visceral
muscles in loner mutants.
Each new study of course highlights unanswered
questions. One intriguing issue concerns the reason for
having two pathways apparently operating in parallel
downstream of the cell surface receptors. Do they target
different effectors? Do they operate in different phases
of the fusion process? Do they increase regulatory pos-
sibilities, for example through cross-talk? Some of the
answers may lie in the detail, as cells contain multiple
Rac and ARF proteins. Also there are other components
awaiting discovery that may complete the picture. Mys-
teries also remain about the function of the four different
cell surface molecules (Figure1). Which functions when
and with whom? Might the two signalling pathways
operate downstream of different ‘receptor complexes’?
Lastly, it takes two to fuse and little is known about
intracellular signalling on the other side of the fusion
fence, in the fusion competent myoblasts. Future
progress will be of great interest to muscle biologists
and may well be of much broader significance.
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Figure 1. A simplified scheme of
Drosophila myoblast fusion.
Founder cells fuse with fusion-competent
myoblasts, but neither fuse with them-
selves. This fundamental asymmetry is
reflected in the distribution of some of the
molecules: those present in founders, but
not fusion-competent myoblasts, are in
red; those present in fusion-competent
myoblasts, but not founders, are in blue.
Intermediate colours indicate expression
in both. The two cell types express
related cell surface transmembrane pro-
teins that contain immunoglobulin
domains and function in attraction and/or
adhesion. Founders express two such
proteins: Dumbfounded (Duf), also known
as Kirre, and Roughest (Rst). Unlike Duf,
Rst is not founder-specific, but can play a
redundant role with Duf in fusion. Fusion
competent myoblasts express three of
these proteins. They are Sticks’n’Stones
(Sns), Hibris (Hbs) and Rst. Moving intra-
cellularly, Rolling pebbles (Rols) and Anti-
social (Ants) are alternative names for the
same adaptor protein, which directly con-
tacts both transmembrane Duf and cyto-
plasmic Myoblast City (Mbc), a
cytoskeleton-associated protein. The previously proposed signalling pathway is from Duf to Rac GTPase via Rols/Ants and Mbc. The
second newly proposed pathway goes from Duf to Rac via Loner and ARF [5]. No direct interaction of Loner with Duf has been
detected and so the link is indicated by ‘X’. The downstream events include the cytoskeletal reorganisation. Little is known about
intracellular signalling in the fusion competent myoblasts. Original references in [4].
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